associated with a rapid decrease in tetanic [Ca 2+ ] i and force. These fatigueinduced changes in sarcoplasmic reticulum (SR) Ca 2+ regulation are temporally associated with alterations in the intracellular levels of phosphate metabolites and a causal relationship has often been proposed. The aim of this review is to evaluate the evidence linking changes in the levels of phosphate metabolites and altered Ca 2+ regulation during fatigue.
Results: The following current hypotheses will be discussed: (1) the early changes in Ca 2+ regulation reflect alterations in the intracellular levels of phosphate metabolites, (2) inhibition of the SR Ca 2+ release mechanism (e.g. caused by ATP depletion and increased [Mg 2+ ]) contributes to the decrease in tetanic [Ca 2+ ] i during the final stages of fatigue and (iii) delayed entry of inorganic phosphate ions (Pi) into the SR, followed by precipitation of calcium phosphate (Ca-Pi), can explain the fatigue-induced decrease in tetanic [Ca 2+ ] i .
Conclusion:
There is strong evidence that changes in phosphate metabolite levels contribute to early changes in SR Ca 2+ regulation during fatigue and that inhibition of the SR Ca 2+ release mechanism can partially explain the rapid decrease in tetanic [Ca 2+ ] i during the final stages of fatigue. While precipitation of Ca-Pi may occur within the SR during fatigue, there is currently insufficient evidence to establish whether this contributes to the late decline in tetanic [Ca pattern of force change. In mammalian fast twitch fibres, a decrease in tension of 10% typically occurs within the first ten to 20 tetani . This is followed by a period of relative stability, before a final rapid decline in tetanic force. Relaxation following tetanus slows progressively during fatiguing stimulation.
Experiments on single fibres have also shown that changes in [Ca 2+ ] i regulation have a major role in this type of fatigue. During the early stages of fatiguing stimulation, tetanic [Ca 2+ ] i increases by approximately 50%, but then slowly declines towards control levels . The fall in [Ca 2+ ] i during relaxation from a single brief tetanus is characterized by an initial rapid decrease, followed by a slow phase lasting several seconds (Klein et al. 1991) . As fatigue develops, the slow phase is increased and prolonged. Resting [Ca 2+ ] i also increases throughout fatiguing stimulation (Lee et al. 1991) . The final stage of fatigue is characterized by a marked decrease in tetanic [Ca 2+ ] i , which appears to explain much of the accompanying fall in force (Allen et al. 1989 , Lee et al. 1991 , Baker et al. 1993 ).
While it is generally accepted that fatigue-induced changes in cellular Ca 2+ regulation primarily reflect alterations in Ca 2+ uptake and release by the sarcoplasmic reticulum (SR), the underlying mechanisms are not fully understood. It has been shown that fatigue is associated with increased cytosolic levels of hydrogen ions (H   +   ) , Pi, ADP and AMP, while ATP and phosphocreatine (PCr) levels decrease (Dawson et al. 1980 , Nagesser et al. 1993 precipitation of calcium phosphate (Ca-Pi) within the SR , Fryer et al. 1995 , Duke & Steele 2000 . Of these potential mechanisms, the Ca-Pi precipitation hypothesis is possibly the most strongly advocated in the current literature. However, there are a number of inconsistencies relating to the Ca-Pi precipitation hypothesis, which have not yet been resolved. The aim of the present review is to examine the evidence linking metabolic changes within the cell to the changes in [Ca 2+ ] i regulation that occur during fatigue.
Particular attention is given to the strengths and weaknesses of the Ca-Pi precipitation hypothesis and alternative mechanisms, which contribute to impaired SR Ca 2+ regulation during fatigue.
Mechanisms underlying early changes in SR regulation

Effects of pH
In vivo, anaerobic respiration results in accumulation of lactic acid and a marked decrease in pH i of about 0.6-0.8 U (Metzger & Fitts 1987 , Westerblad & Lännergren 1988 . In early studies, it was proposed that acidosis might be the primary factor underlying fatigue. However, a similar pattern of fatigue occurs in isolated skeletal muscle fibres, under conditions where significant changes in pH i are absent (Westerblad & Allen 1992a) . Furthermore, intracellular acidosis appears to have little effect on force production at physiological temperatures in skinned (Pate et al. 1995) or intact (Adams et al. 1991) skeletal muscle. Taken together, these results suggest that factors other than acidosis are responsible for most of the changes in Ca 2+ regulation and force production that occur during fatigue.
Effects of Pi and ADP
Following the onset of fatiguing stimulation, [ATP] i is predominantly maintained via the creatine kinase (CK) reaction. This results in rapid depletion of PCr and accumulation of Pi, which may reach 25-50 mm depending on fibre type (Dawson et al. 1980 ). The [ADP] i also increases (from 10 lm to 0.2-3 mm) due to the absence of local ATP buffering via the CK reaction (Dawson et al. 1978 , Nagesser et al. 1993 , Westerblad & Lännergren 1995 (Fig. 1) . Impaired SR Ca 2+ uptake has also been reported in cells from CK-deficient murine skeletal muscle (Steeghs et al. 1997 , de Groof et al. 2002 , following pharmacological inhibition of CK ) and in isolated SR vesicles bathed in media lacking PCr (Korge et al. 1993 . Caffeine (40 mm) was briefly applied (for 1.5 s) at 2-min intervals as indicated. Each application resulted in a transient increase in the fluorescence ratio and a corresponding tension response. After two control responses, the [PCr] was reduced from 10 mm to zero, and caffeine application was stopped. PCr withdrawal resulted in a slow prolonged release of Ca 2+ from the sarcoplasmic reticulum. When caffeine application was resumed, the amplitude of the Ca signs of impaired SR Ca 2+ regulation and force production . Furthermore, compensatory changes known to occur as a consequence of CK-deficiency (e.g. increased mitochondrial density and up-regulation of oxidative enzymes) may support the metabolic activity of the cell and minimize early changes in Ca 2+ regulation (Steeghs et al. 1997 ). This later possibility is supported by the fact that a transient increase in maximum tetanic [Ca 2+ ] is apparent, when fatigue is induced following acute pharmacological inhibition of CK in normal fibres pump results in a microenvironment where (i) the local ATP/ADP.Pi ratio is dictated by the CK reaction and (ii) exchange of ATP and ADP with the bulk cytosolic environment is limited (Rossi et al. 1990 , Korge et al. 1993 . In these circumstances, depletion of PCr may result in pronounced changes in the local ATP/ADP.Pi, which ultimately impair SR Ca 2+ uptake. However, it seems likely that local ADP accumulation is the most important factor underlying effects of PCr withdrawal on the time course of Ca 2+ re-accumulation by the SR.
Recent work has shown that, in addition to increasing the SR Ca 2+ leak at resting levels of Ca 2+ (see above), micromolar levels of ADP can have a marked inhibitory influence on the forward reaction of the SR Ca 2+ pump (Macdonald & Stephenson 2001 does not produce a corresponding change in tetanic force production when the myofilaments are at or near maximum activation, and (iii) in mouse fibres, prolonged relaxation appears to reflect slowing of cross bridge cycling, rather than reduced SR Ca 2+ uptake , Westerblad & Allen 1993 When added to the bathing solution, Pi can enter the SR and combine with Ca 2+ , forming a precipitate (Fig. 2) .
The continual entry of Pi, followed by precipitation, lowers the free [Ca 2+ ], thereby maintaining SR Ca 2+ uptake for a prolonged period. This process would be expected to exhibit a distinct threshold, defined by the Ca-Pi solubility product. In vitro experiments suggest that the Ca-Pi solubility product is 6 mm 2 (Fryer et al. 1995) . Therefore, assuming that the free [Ca 2+ ] within the SR is 1 mm, precipitation might be expected to occur when the luminal [Pi] reaches 6 mm. While the effects of Ca-Pi precipitation on isolated SR have been known for many years, a possible link to skeletal muscle fatigue was proposed only recently following experiments on skinned muscle preparations (Fryer et al. 1995) . It was shown that under some experimental conditions, precipitation of Ca-Pi reduces the amount of Ca 2+ available for release from the SR.
This led to the suggestion that Ca-Pi precipitation within the SR lumen may explain the sudden decrease in Ca 2+ release in the final stages of fatigue. However, although this hypothesis is increasingly accepted, it has not been established with certainty that such effects occur in intact muscle during fatigue. Indeed, recent studies on intact and skinned fibres have provided results, which are difficult to reconcile with Ca-Pi precipitation.
In an important series of experiments, Pi was microinjected into unfatigued mouse fibres to study the effects of Pi under more physiological conditions (Westerblad & Allen 1996 Another difficulty with the Ca-Pi precipitation hypothesis is that high-performance liquid chromatography data suggests that PCr is exhausted within the first 1-2 min of fatiguing stimulation in isolated fast twitch fibres (Nagesser et al. 1993 , Karatzaferi et al. 2001 . At this point, the cytosolic [Pi] may be 25-50 mm (for discussion see Fryer et al. 1995) while SR Ca 2+ release is relatively unaffected . In order to explain this, it has been suggested that the entry of Pi into the SR may be delayed. A possible mechanism for delayed Pi-entry was proposed following experiments on isolated SR anion channels. The big conductance chloride channel (BCl) and small conductance chloride channel (SCl) chloride channels conduct Pi and have been proposed as a major pathway for Pi entry into the SR lumen (Laver et al. 2001a) . Furthermore, ATP was found to inhibit Pi entry via the isolated SCl channel. Therefore, it was suggested that Pi entry into the SR lumen might be blocked at normal levels of ATP, but increase as [ATP] i declines during the final stages of fatigue. While ATP may influence Pi flux through the isolated SCl channel, it remains uncertain whether cytosolic ATP influences Pi-entry into the SR lumen in more intact systems, where more than one pathway may exist. In skinned fibres, complete withdrawal of ATP from the bathing medium was shown to accelerate the decrease in releasable Ca 2+ following exposure to Pi (Posterino & Fryer 1998 fatiguing stimulation, but the effect on Ca 2+ release is much smaller than expected. Precipitation of Ca-Pi is most likely to occur when the SR Ca 2+ content is maximal, i.e. under resting conditions, or between tetani. As considered above, effects consistent with Ca-Pi precipitation can be demonstrated following injection of Pi in resting fibres, or in skinned fibres, where the SR is Ca 2+ loaded close to the resting endogenous level and PCr is present (Westerblad & Allen 1996 , Duke & Steele 2001a . However, in order to fatigue intact muscle fibres, it is necessary to subject them to repetitive tetanic stimulation at progressively higher stimulation frequencies. As a consequence, the SR Ca 2+ content undergoes repeated Ca 2+ depletion.
While the SR Ca 2+ content is low during a tetanic response, dissolution of Ca-Pi complexes may occur and previously bound Ca 2+ may be released from the SR. If this occurs, the overall effect on tetanic Ca 2+ could be small. This possibility is supported by a number of lines of evidence. First, it has been shown that Ca-Pi may exist in a number of different forms and that an amorphous unstable complex develops prior to the formation of a highly insoluble species (Walton et al. 1967) . Cyclic SR Ca 2+ depletion associated with tetanic activation may, therefore, favour the formation of rapidly reversible Ca-Pi complexes. Secondly, crystallization of Ca-Pi is strongly inhibited by Mg 2+ and ATP, both of which may be present within the SR (Feher & Lipford 1985 , Shoshan-Barmatz et al. 1996 . Because of this, the Ca-Pi solubility product within the SR may be higher than that observed in vitro, where Mg 2+ and ATP have generally been omitted from the experimental media. Thirdly, work on isolated SR vesicles from cardiac muscle has also shown that crystallization of Ca-Pi only appears to occur within the SR under extreme conditions and when it does occur, the dissolution process can be rapid when the [Ca 2+ ] falls (Feher & Lipford 1985) .
In theory, experiments on skinned fibres could provide information regarding the rate of release of Pi complexed with Ca 2+ . However the experimental protocols used to date may not adequately relate to the situation in intact fibres undergoing fatiguing stimulation. For example, a number of studies on skinned fibres have shown that prior exposure to Pi can result in a marked increase in caffeine-induced Ca 2+ release, obtained following washout of bathing Pi (Stienen et al. 1993 , Fryer et al. 1995 . This probably occurs because the continual entry of Pi followed by precipitation maintains Ca 2+ uptake, thereby increasing the total SR Ca 2+ above control levels. Importantly, the fact that the caffeine response is markedly increased following washout of Pi suggests that at least some of the Ca 2+ complexed with Pi can be released within the time course of a caffeine response. One complicating feature is that, in intact fibres the volume of solution surrounding the SR is restricted by the sarcolemma. The increase in SR Ca 2+ release observed following exposure to Pi is, therefore, an artefact resulting from the effectively infinite volume of solution surrounding the SR following removal or disruption of the sarcolemma. In order to address this issue, experiments were carried out on skinned fibres, which were exposed to Pi and then bathed in oil to limit the volume of solution surrounding the SR (Fryer et al. 1995) . In these circumstances, the subsequent caffeine-induced response was smaller and slower, suggesting that Ca 2+ complexed with Pi was not rapidly accessible. However, the high level of Pi (50 mm), long duration of Pi-exposure (>3 min) in the absence of intermittent SR Ca 2+ depletion may have favoured the formation of stable Ca-Pi complexes.
Further work is required to establish the properties of Ca-Pi complexes formed within the SR under conditions, which more closely resemble the intact cell during fatigue.
Inhibition of SR Ca 2+ release
It has been shown that the addition of millimolar caffeine can restore a large fraction of the decline in SR Ca 2+ release, which occurs during fatigue (Eberstein & Sandow 1976 Chin & Allen 1998 (Owen et al. 1996 , Duke & Steele 1998 , Blazev & Lamb 1999b . In amphibian fibres, 'desensitization' of the depolarization-induced Ca 2+ release mechanism occurs as [ATP] i is reduced below 2 mm ATP (Owen et al. 1996) . However, in fast twitch mammalian fibres, the ryanodin receptor (RyR) is less sensitive to ATP depletion (Blazev & Lamb 1999b (Sitsapesan & Williams, 1995) . Furthermore, in skinned fast twitch fibres, the caffeine-sensitivity of SR Ca 2+ release mechanism is markedly reduced as the SR Ca 2+ content falls (Lamb et al. 2001 , Duke et al. 2002 
